Warfarin dosing algorithms do not account for genetic mutations that can affect anticoagulation response. We retrospectively assessed to what extent the VKORC1 variant genotype would alter the likelihood of being a hyperresponder or hyporesponder to warfarin in patients undergoing total joint arthroplasty. We used the international normalized ratio (INR) on the third postoperative day of 3.0 or greater to define warfarin hyperresponders and 1.07 or less to define hyporesponders. A control group of normal responders was identified. From a cohort of 1125 patients receiving warfarin thromboprophylaxis, we identified 30 free of predisposing factors that could affect warfarin response: 10 hyperresponders, eight hyporesponders, and 12 normal responders. Homozygous carriers of the VKORC1 mutant AA genotype were more likely (compared with carriers of GA or GG genotypes) to be hyperresponders (odds ratio, 7.5; 95% confidence interval, 1.04-54.
Introduction
Pharmacologic thromboprophylaxis with warfarin is commonly used after THA and TKA [11] . A survey of the members of the American Association of Hip and Knee Surgeons in 2001 revealed warfarin was the most frequent form of pharmacologic thromboprophylaxis used at that time in 66% of THAs and 59% of TKAs [22] . Large individual dosage variations of warfarin are required to achieve prophylactic and therapeutic ranges. Because of warfarin's low therapeutic index and frequent complications of prophylaxis and/or therapy [17] , the INR must be measured regularly and dosage constantly adjusted for the duration of postoperative pharmacologic thromboprophylaxis. Excessive anticoagulation can lead to major local or systemic bleeding [16] , which can be fatal [17, 23] . There is a greater probability of thrombosis or embolism if patients do not receive optimal anticoagulation [3, 6] .
Patient-specific factors such as advanced age, low body mass index (BMI), Asian race, diet, certain comorbidities, and medications alter the response to warfarin (predisposing factors) [14, 23, 42] . Recent investigations have focused on genetic determinants that alter the expression or function of enzymes involved in vitamin K and warfarin metabolism and action [18, 41] . These mutations further explain interindividual variations in warfarin response. Warfarin inhibits the posttranslational carboxylation of glutamate residues on proteins dependent on vitamin K [9] . This carboxylation requires the reduced form of vitamin K. Warfarin inhibits vitamin K epoxide reductase (VKOR), the enzyme responsible for recycling of vitamin K. Mutations of the gene VKORC1, that codifies for warfarin's target in the liver, the enzyme VKOR, have been associated with warfarin resistance or hyperresponse [7] . VKOR reduces vitamin K, which is required for synthesis of clotting factors II, VII, IX, and X and protein C and protein S [24] . Warfarin inhibits VKOR, thus impairing the synthesis of clotting factors. The gene for VKOR was mapped to human chromosome 16p12-q21 [9] . A specific target site of warfarin in VKOR was identified as subunit 1 (VKORC1) [34, 35] . VKORC1 has approximately 4 kb, consists of three exons, and encodes a 163amino acid enzyme located in the endoplasmic reticulum (NP_076869). Recent studies reported genetic variants of VKORC1 affect warfarin response and dosing [7, 15, 18, 32] . Different mutations (missense mutation, synonymous mutations, and polymorphism) in the VKORC1 gene alleles have been identified [7] . Homozygous or heterozygous forms of polymorphism in the alleles affect warfarin anticoagulant activity after standardized dosage (GG, normal; GA, heterozygous; AA, homozygous). Genotypic analysis of VKORC1 was checked for polymorphism in alleles. Genotype-based frequencies of the AA mutation have been estimated to be 11%, GA heterozygosity 40%, and GG, wild-type normal, 49% [24] .
We asked to what extent the VKORC1 variant genotype altered the likelihood of being a hyperresponder or hyporesponder to warfarin in patients undergoing total joint arthroplasty (TJA) who had a supratherapeutic or subtherapeutic INR develop without known clinical or medication predisposing factors [14, 42] .
Materials and Methods
We retrospectively reviewed 3529 patients having THAs or TKAs and found 1125 (466 THAs [41.4%], 659 TKAs [58.6%]) received warfarin as pharmacologic thromboprophylaxis in the context of a multimodal prophylaxis protocol [4, 12, 37] from July 1, 2006, to March 31, 2007 . The multimodal prophylaxis [12] protocol includes preoperative discontinuation of procoagulant medications, autologous blood donation, hypotensive epidural anesthesia, intravenous heparin before femoral preparation in THA, lavage and aspiration of intramedullary contents, pneumatic compression, knee-high elastic stockings, early mobilization, and chemoprophylaxis for 4 to 6 weeks. The study was approved by the Institutional Review Board of our institution and was performed with signed informed consent.
We administered the first dose of warfarin, 5 mg [2] , the night of the day of surgery with the goal of achieving and maintaining an INR of 2 by the third postoperative day. A standardized algorithm was used for warfarin dosing on the first and second postoperative days [2] . Warfarin effect and dosing were determined by daily INR monitoring during the hospital stay and by the medical doctor after discharge.
We used a previous study of 219 serially operated patients who had TJAs [2] to establish third postoperative day INR percentiles and, from these percentiles, to characterize response categories for the current study. In these 219 patients, the 95th percentile for third postoperative day INR was 3 and the 5th percentile was 1.07; in the current study, we therefore defined hyperresponders by an INR of 3 or greater and hyporesponders by an INR of 1.07 or less.
Patients with a history of liver disease, irritable bowel syndrome, inflammatory bowel disease, or any clinical condition or medications that are known to alter the response to warfarin [13] were excluded. These exclusions provided a cohort in which potential effects of the VKORC1 mutation might be understood in the absence of clinical and environmental factors that would substantially affect INR. In the 1125 patients undergoing TJA, there were 64 hyperresponders, but only 10 (16%) had no predisposing factors that could alter the warfarin response. There were 44 hyporesponders, but only eight (18%) had no predisposing factors that could alter the warfarin response. Thus, the study group consisted of 18 patients: eight hyporesponders and 10 hyperresponders (Tables 1, 2) .
Normal responders were arbitrarily identified by INRs of 1.51 to 2.10, which were the 50th and 85th percentiles of the distribution of the previously studied 219 subjects, with a third postoperative day INR of 2 as the clinical goal [2] . Using these cutoffs, from the cohort of 3529 patients who had TJAs, there were 410 normal responders and 12 (3%) were used as control subjects for hyporesponders and hyperresponders ( Tables 1, 2) .
Hyperresponder, hyporesponder, and control groups were similar (p [ 0.05) in the three major matching criteria: BMI, ethnicity, and surgical procedure ( Table 1) . Hyporesponders were younger (p = 0.025) than control subjects, and there were more (p = 0.043) women in the hyperresponder group than in the hyporesponder group (Table 1) .
Assuming the VKORC1 mutation accounted for a 25% ± 20% difference in INR response to warfarin [7, 33, 41] , with alpha = 0.05 and beta = 0.2, we estimated 12 patients with at least one A allele and 12 with at least one G allele would be needed to discern a major group difference. The selection of 12 control subjects was dictated by the power analysis. We considered this study a nested case-control study and calculated the odds ratio for the hyperresponse or hyporesponse ( Table 2) .
We collected peripheral blood for genetic testing of VKORC1 mutations by the Molecular Diagnostics Laboratories (Cincinnati, OH). DNA was analyzed for the G/A polymorphism of the VKORC1 gene at -1639 in the promoter region of the VKORC1 using the Roche Diagnostics LightCycler 1 (Roche Applied Science, Indianapolis, IN) and hybridization probes. Nomenclature for the VKORC1 genotypes is as follows: GG = wild-type normal, GA = heterozygous, and AA = homozygous.
We used Fisher's exact tests to compare the distributions of AA, AG, and GG genotypes in two by three tables in hyperresponders versus hyporesponders ( Fig. 1 ), in hyperresponders versus control subjects (Fig. 2) , and in hyporesponders versus control subjects ( Fig. 3 ). Fisher's exact test was used because Chi square may not be a valid test when some cells had expected counts less than five. Chi square tests in two by two tables (with 1-degree-offreedom) were used to compareVKORC1 mutant A allele frequencies and wild-type normal G allele frequencies in hyperresponders versus hyporesponders ( Fig. 1B) , in hyperresponders versus control subjects (Fig. 2B) , and in hyporesponders versus controls ( Fig. 3B ). Odds ratios were calculated to assess the extent VKORC1 variant genotypes altered patients' odds of being hyperresponders or hyporeactive to warfarin (Table 3) .
Results
Compared with carriers of the GG or GA genotypes, carriers of the VKORC1 AA genotype were more likely (odds ratio, 7.5; 95% confidence interval,1.04-54.1) to be hyperresponders (Table 3) . Compared with carriers of the AA or GA genotypes, carriers of the VKORC1 GG genotype were more likely (odds ratio, 9; 95% confidence interval, 1.14-71.0) to be hyporesponders (Table 3) .
When comparing hyperresponders versus hyporesponders, the VKORC1 mutant allele A frequency was greater (p = 0.0002) in hyperresponders and the distribution of the mutant AA and wild-type normal GG homozygosity differed, with hyperresponders more likely to have AA homozygosity and hyporesponders more likely to have GG homozygosity (Fisher's p = 0.006) ( Fig. 1 ). Comparing hyperresponders with normal control subjects, the VKORC1 mutant allele A frequency was greater (p = 0.05) in hyperresponders (Fig. 2) . Hyporesponders had a lower (p = 0.027) VKORC1 mutant allele frequency than normal control subjects ( Fig. 3 ).
Discussion
Warfarin dosing algorithms do not account for genetic mutations that can affect anticoagulation response. We hypothesized, in patients undergoing TJA and receiving warfarin thromboprophylaxis, the VKORC1 mutant A allele would alter the patients' odds of being a hyperresponder or hyporesponder to warfarin.
Study limitations include imprecise effect measures related to small sample size, and clinical relevance limited by the retrospective study design versus a prospective study [24] in which preoperative VKCORC1 testing might optimize warfarin dosing, possibly reducing the risk of thrombosis in hyporesponders and bleeding in hyperresponders. A large percentage of patients having TJAs, 54 of 64 (90%) hyperresponders and 41 of 49 (82%) hyporesponders, had known predisposing clinical or pharmacologic factors [14, 42] that could affect the response to warfarin. Thus, a large percentage of patients would be helped if their known clinical factors [14, 42] were addressed before initiation of warfarin prophylaxis. The biology of coagulation is extremely complex and other genetic mutations, including mutations in vitamin K-dependent proteins such as factors II and VII, also can alter the warfarin response. We did, however, strictly select patients without clinical factors that predispose to variability in response to warfarin and therefore believe the data allow one to determine in a preliminary way the ability to assess the extent to which VKORC1 variant genotypes alter the patients' odds of being hyperresponsive or hyporesponsive to warfarin. Given the preliminary nature of our study, we estimate 75 hyperresponders and 66 hyporesponders without exclusions for predisposing factors that could alter the warfarin response would be required to made definitive statements regarding the extent to which VKORC1 variant genotypes alter patients' odds of being hyperresponsive or hyporesponsive to warfarin. Despite the use of standardized nomograms (without PCR measures of VKORC1 mutations) to guide warfarin dosing after TJA [2] , in a previous study, 106 patients received postoperative warfarin thromboprophylaxis at a dose determined by a nomogram that did not include genetic variables. Five of the 106 patients had a INR = international normalized ratio; POD1, 2, 3 = postoperative days 1, 2, and 3; RTHA = revision of previous THA; SD = standard deviation. Fig. 2A-B (A) The distribution of the VKORC1 mutant allele A and wild-type normal allele G did not differ (Fisher's p = 0.15), comparing hyperresponders versus control subjects. (B) The VKORC1 mutant allele A frequency was greater (p = 0.05) in hyperresponders than in control subjects. Fig. 3A-B (A) The distribution of the VKORC1 mutant allele A and wild-type normal allele G did not differ (Fisher's p = 0.10), comparing hyporesponders versus control subjects. (B) The VKORC1 mutant allele A frequency was less in hyporesponders than in control subjects (p = 0.027). VKORC1 genotypes: GG = normal; GA = heterozygous; AA = homozygous; * cannot be calculated because one cell = 0. Fig. 1A-B (A) The distribution of the VKORC1 mutant allele A and wild-type normal allele G differed between the groups. Hyperresponders were more likely to have AA homozygosity and hyporesponders were more likely to have GG homozygosity (Fisher's p = 0.006). (B) The VKORC1 mutant allele A frequency was greater in hyperresponders versus hyporesponders (p = 0.0002). [7, 15, 18, 30-32, 34, 35, 39, 41, 43] , led us to hypothesize VKORC1 variant genotypes could alter the warfarin response in patients undergoing TJA. When entered into the algorithm of Sconce et al. [39] , PCR results for VKORC1 provide a pharmacogeneticbased warfarin dose, which should optimize anticoagulation of patients undergoing TJA, reducing the risk of bleeding and thrombosis or embolism. In this frame of reference, the US Food and Drug Administration [8] recently approved updated labeling for warfarin to highlight ''…the opportunity for healthcare providers to use genetic tests to improve their initial estimate of what is a reasonable warfarin dose for individual patients.'' Investigations evaluating the association among VKORC1 mutations, responsiveness to warfarin, and bleeding complications have focused predominantly on medical rather than surgical patients [7, 15, 18, 30-32, 34, 35, 39, 41, 43] . Postoperative patients who have undergone TJA are a different population from medical patients because thrombosis is promoted by the operative procedure, and postoperative risks of major bleeding and thrombosis or embolism [10, 25] are of utmost concern [5, 27, 29, 36, 38] . In large series of patients having TJAs who received warfarin thromboprophylaxis without preoperative VKORC1 or CYP2C9/CYP3C9 testing, bleeding complications ranged from 2.3% to 4.1% [1, 19, 20, 28] . The prevalence of these bleeding complications was as high as the reported incidence of venous thrombosis or pulmonary embolism warfarin was intended to prevent.
Millican et al. [24] studied 92 patients undergoing primary or revision THAs and TKAs with warfarin thromboprophylaxis. For each patient, the authors prospectively collected blood samples, clinical variables, current medications, and preoperative and postoperative laboratory values. Polymorphisms in the VKORC1 and CYP2C9 genes were determined. The VKORC1 haplotype A, CYP2C9*2, and CYP2C9*3 mutations predicted altered warfarin response. Millican et al. [24] reported clinical dosage algorithms could explain 51% to 60% of INR variability. However, when they included genetic testing for VKORC1 and CYP2C9, they could account for 80% of the INR variability, with the genetic testing explaining 20% of the INR variability. Millican et al. [24] suggested large clinical trials be done before recommending routine genetic testing. Using stepwise regression analysis, Millican et al. [24] developed an algorithm that allows warfarin dose adjustment after the third postoperative day. This algorithm requires clinical validation.
The number of TJAs performed each year in the United States continues to increase [21] , and the majority of patients receive warfarin for postoperative thromboprophylaxis [22] despite its narrow range of therapeutic efficacy and a perplexing tendency for the INR to oscillate in and out of the therapeutic target range. Effective prophylactic anticoagulation occurs only after a few days of administration, and there is no protection during the immediate postoperative period when thrombogenesis is maximally activated [40] . The difficulty in achieving a therapeutic INR is emphasized by our study in which on the third postoperative day, 64 (5.6% of 1125) hyperresponders were overanticoagulated (mean INR, 3.96) and at risk of bleeding. Conversely, 44 (3.9% of 1125) hyporesponders were underanticoagulated (mean INR, 1.05) and unprotected from thromboembolic complications. Although our study of Caucasian and New World Hispanic patients suggested a mutant VKORC1 allele has relevance to a warfarin-dosing algorithm, similar relevance may not pertain to other gene pools, including those of African-Americans [26] .
Currently, pharmacogenetic tests are costly and rarely available, but with increased test volumes, costs will decrease and availability will expand. However, the total cost of these PCR analyses must be considered in relation to the potential cost and adverse outcome of bleeding and thromboembolic complications.
We found the mutant VKORC1 allele was more prevalent in patients who were hyperresponders to warfarin than in the control group. It was less prevalent in the hyporesponders than in the control group and hyperresponders. Preoperative identification of VKORC1 mutations may help physicians adjust warfarin dosing to reduce the extremes of variable response to postoperative warfarin prophylaxis.
